Fanconi anemia (FA) is an inherited chromosomal instability disorder characterized by childhood aplastic anemia, developmental abnormalities and cancer predisposition. One of the hallmark phenotypes of FA is cellular hypersensitivity to agents that induce DNA interstrand crosslinks (ICLs), such as mitomycin C (MMC). FA is caused by mutation in at least 14 genes which function in the resolution of ICLs during replication. The FA proteins act within the context of a protein network in coordination with multiple repair factors that function in distinct pathways. SNM1B/Apollo is a member of metallo-b-lactamase/bCASP family of nucleases and has been demonstrated to function in ICL repair. However, the relationship between SNM1B and the FA protein network is not known. In the current study, we establish that SNM1B functions epistatically to the central FA factor, FANCD2, in cellular survival after ICL damage and homology-directed repair of DNA double-strand breaks. We also demonstrate that MMC-induced chromosomal anomalies are increased in SNM1B-depleted cells, and this phenotype is not further exacerbated upon depletion of either FANCD2 or another key FA protein, FANCI. Furthermore, we find that SNM1B is required for proper localization of critical repair factors, including FANCD2, BRCA1 and RAD51, to MMC-induced subnuclear foci. Our findings demonstrate that SNM1B functions within the FA pathway during the repair of ICL damage.
INTRODUCTION
Fanconi anemia (FA) is a rare human genetic disease that is highly heterogeneous. There are currently 14 identified FA complementation groups (A, B, C, D1, D2, E, F, G, I, J, L, M, N and P) (1 -4) . Thirteen of the FA genes are inherited in an autosomal recessive manner; however, one gene, FANCB, is located on the X chromosome and thus exhibits an X-linked inheritance pattern. FA is a chromosomal instability disorder characterized by bone marrow failure, congenital abnormalities and increased incidence of malignancies (5) . One hallmark phenotype observed in FA cells is cellular hypersensitivity to interstrand crosslink (ICL)-inducing agents, including mitomycin C (MMC) and cisplatin, and this feature of FA is frequently used as a clinical diagnostic test.
DNA ICLs represent one of the most formidable lesions, as covalent linkage of the strands of the double helix inhibits essential processes such as transcription and replication. The sensing and repair of ICLs is a complex process which involves the activities of multiple DNA repair proteins including the FA factors as well as proteins that function in nucleotide excision repair, translesion bypass synthesis and homologous recombination (5) . Central to the FA protein network is the core complex composed of eight subunits (FANCA, B, C, E, F, G, L and M) that coordinately function to monoubiquitinate FANCD2 and FANCI, a critical event in FA protein-mediated ICL repair (6) . The monoubiquitination signal targets the FANCD2 -FANCI complex to subnuclear repair foci where it colocalizes with proteins required for homologous recombination, including BRCA1, BRCA2/FANCD1 and RAD51 (7 -9) . Monoubiquitinated FANCD2 (FANCD2-Ub) also interacts with a DNA nuclease, FAN1, which is recruited to sites of ICL damage to facilitate repair (10 -13) .
In yeast, the Snm1/Pso2 gene plays critical roles in ICL repair (14) . There are three SNM1 orthologs in mammalian cells, DCLRE1A (SNM1A), DCLRE1B (SNM1B/APOLLO) and DCLRE1C (ARTEMIS), which share a highly conserved metallo-b-lactamase/bCASP domain (15, 16) . SNM1A functions in ICL repair in a pathway distinct from the FA * To whom correspondence should be addressed at: 109 Zina Pitcher Place, 2063 BSRB, Box 2200, Ann Arbor, MI 48109, USA. Tel: +1 7347649514; Fax: +1 7347632162; Email: sekiguch@med.umich.edu pathway (17, 18) , and DCLRE1C/ARTEMIS acts within the non-homologous end-joining pathway of DNA double-strand break (DSB) repair (19) (20) (21) . SNM1B/APOLLO, a 60 kDa protein, possesses intrinsic 5 ′ to 3 ′ exonuclease activity and has important functions in telomere maintenance and the repair of ICL and ionizing radiation (IR)-induced DNA damage (22) (23) (24) (25) (26) (27) (28) (29) .
Previous studies have demonstrated that siRNA knockdown of SNM1B in human cell lines results in hypersensitivity to ICL-inducing agents, low-to-moderate sensitivity to IR, impaired ICL-induced S phase arrest, increased chromosomal anomalies and elevated levels of ICL-induced quadriradial formation (24, 26) . These phenotypes are characteristic of cells derived from FA patients (1, 5) , thereby raising the possibility that SNM1B may function within the FA pathway. Consistent with this notion, it has been reported that SNM1B and FANCD2 can be co-immunoprecipitated from human cells (24) . However, whether SNM1B functions within the FA pathway of ICL repair remains an open question. Recently, a mutant allele of SNM1B was identified in a patient with Hoyeraal -Hreidarsson syndrome, a severe form of dyskeratosis congenita, characterized by aplastic anemia, microcephaly, bone marrow failure and immunodeficiency (30) . These phenotypes closely parallel those observed in FA; however, cells derived from this patient did not exhibit hypersensitivity to MMC and were primarily defective for telomere maintenance. Nonetheless, this study demonstrates that SNM1B mutations are associated with human genetic disease and emphasizes the importance of elucidating the cellular functions of SNM1B.
In the current study, we sought to test the hypothesis that SNM1B functions within the FA pathway during ICL repair processes. Using an siRNA approach in human cell lines, we demonstrate that SNM1B functions epistatically to FANCD2 in cellular ICL repair and homology-directed repair of DNA DSBs. In addition, we find that combined depletion of SNM1B and FANCD2 or FANCI does not increase levels of either spontaneous or ICL-induced chromosomal anomalies, compared with individual siRNA knockdown of each gene. We also demonstrate that SNM1B is required for efficient localization of key repair proteins, including FANCD2, BRCA1 and RAD51, to ICL-induced foci. Together, our findings provide evidence that SNM1B functions in the context of the FA network during ICL repair.
RESULTS

Depletion of SNM1B in human cells
To elucidate the roles of SNM1B in cellular responses to ICL damage, we used an siRNA approach to knockdown expression in human cell lines. We designed two specific siRNAs, siSNM1B-1, which targets mRNA sequences in a unique region of the conserved metallo-b-lactamase/bCASP domain (nt 339-359), and siSNM1B-2, which targets a sequence within the non-conserved C-terminus (nt 1248 -1266) (Supplementary Material, Fig. S1A ). To validate the siRNA approach, siSNM1B-1 and -2 were transfected into HeLa cells, and SNM1B transcript levels were assessed by semi-quantitative reverse-transcription polymerase chain reaction (RT -PCR). We observed that both siRNAs markedly reduced SNM1B mRNA levels at 48 h post-transfection compared with a non-silencing (NS) siRNA control (Supplementary Material, Fig. S1B ). Due to sequence conservation between members of the bCASP superfamily, we also performed RT -PCR to examine transcript levels of the related SNM1A and ARTEMIS genes and confirmed that knockdown is specific to SNM1B (Supplementary Material, Fig. S1B ). We also verified that SNM1B protein levels were markedly decreased upon siRNA transfection in HCT116 cells expressing a V5-epitope-tagged SNM1B protein (Supplementary Material, Fig. S1C ). Thus, transient transfection of the siRNAs efficiently depleted SNM1B mRNA and significantly reduced protein levels.
SNM1B and FANCD2 function epistatically in response to MMC-induced ICL damage
To assess the genetic interactions between SNM1B and the FA pathway during the repair of induced ICL damage, we examined the survival of cells deficient for SNM1B and FANCD2, either alone or in combination, upon exposure to the ICL-inducing agent, MMC. We depleted SNM1B in FANCD2-deficient human fibroblasts (PD20F) and PD20F complemented with WT FANCD2 cDNA (WT) (Supplementary Material, Fig. S2A; 31) . We confirmed that the PD20F cells did not express detectable levels of FANCD2 protein and exhibited the hallmark-elevated levels of ICL-induced radial formation compared with WT controls (Supplementary Material, Fig. S2B ). The siSNM1B-and NS-transfected PD20F and WT cells were treated with increasing amounts of MMC for 1 h, and then cellular survival was assessed relative to untreated controls. Consistent with previous studies, depletion of SNM1B or deficiency for FANCD2 led to increased sensitivity to MMC compared with the NS siRNAtransfected control cell line (Fig. 1A) (6, 24, 26, (32) (33) (34) . We found that SNM1B depletion in the FANCD2-deficient cell line did not further increase cellular sensitivity to MMC in comparison to that observed in SNM1B-depleted and FANCD2-deficient cells (Fig. 1A, Supplementary Material,  Fig. S2C ). These results indicate that SNM1B and FANCD2 function epistatically in cellular responses to MMC-induced DNA damage to ensure survival.
We next examined the impact of SNM1B depletion on FANCD2 chromatin localization. In response to ICLs, FANCD2 undergoes monoubiquitination (FANCD2-Ub), which is dependent on the FA core complex (5). FANCD2-Ub is targeted to chromatin, and this localization is required for subsequent ICL repair events, including assembly of FANCD2 into subnuclear foci and recruitment of key repair proteins (5, 35, 36) . We exposed SNM1B-depleted and control cells to MMC and examined the cellular localization of FANCD2 by fractionation of the cytosolic (S1) and chromatin-bound (S2) proteins followed by western blotting. We observed that FANCD2 is efficiently monoubiquitinated upon MMC treatment in both control and SNM1B knockdown cells, consistent with previous reports (Fig. 1B) (24, 26) . The ratios of FANCD2-Ub (L) to the unmodified form (S) in the cytosolic and chromatin protein fractions were not significantly different in control and SNM1B-depleted cells (Fig. 1B) . These
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Human Molecular Genetics, 2011, Vol. 20, No. 13 findings indicate that SNM1B is not required for stable localization of FANCD2-Ub to the chromatin fraction. Upon MMC-induced ICL damage, FANCD2-Ub is assembled into subnuclear DNA repair foci (36) via a mechanism that can be uncoupled from the association with the chromatin fraction (37) . Therefore, we examined the impact of SNM1B depletion on the efficiency of FANCD2 foci formation by immunofluorescence microscopy after treatment with MMC for 8 h. Under these experimental conditions, there is no appreciable difference in cell cycle distribution in SNM1B-depleted cells compared with controls (Supplementary Material, Fig. S3A ). We observed that the percentage of MMC-treated control cells containing FANCD2 foci increased by over 3-fold compared with untreated cells, thereby indicating robust ICL-induced activation of the FA pathway ( Fig. 2A) . In contrast, SNM1B depletion markedly impaired induction of FANCD2 foci formation upon MMC exposure ( Fig. 2A; Supplementary Material, Fig. S3B ). In contrast, the percentage of MMC-treated SNM1B-depleted cells containing FANCD2 foci did not significantly increase compared with untreated SNM1B knockdown cells, and was substantially lower compared with NS siRNA-transfected cells. Taken together, these findings indicate that SNM1B is dispensable for FANCD2 monoubiquitination and chromatin localization, but it is necessary for efficient ICL-induced FANCD2 nuclear foci assembly.
We next determined whether expression of SNM1B cDNA could complement the marked defects in FANCD2 foci formation upon MMC exposure observed in SNM1B-depleted cells. Thus, we generated a lentiviral construct expressing an siRNA-resistant cDNA harboring three silent base changes within the siRNA core sequence that also contained an internal ribosomal entry site (IRES)-GFP cassette (si-1R SNM1B). Upon transduction of HeLa cells with si-1R SNM1B or a GFP control lentivirus, we sorted GFP-positive cells and performed semi-quantitative RT-PCR on total RNA isolated from cells transfected with either NS or siSNM1B-1 using two sets of primers: (i) 3
′ UTR, which specifically amplifies the endogenous SNM1B transcript and (ii) exon 3/4, which amplifies both the endogenous and si-1R SNM1B transcripts. We observed substantially reduced RT-PCR products upon transfection with siSNM1B-1 in both control and si-1R SNM1B-transduced cells using the 3 ′ UTR primers. However, we observed substantial levels of the si-1R SNM1B transcript in knockdown cells using the exon 3/4 primers (Supplemental Material, Fig. S4A ).
We also transfected si-1R SNM1B-transduced cells with siSNM1B-2, an siRNA that binds to a distinct site within the cDNA (see Supplemental Material, Fig. S1A ). We found that the percentage of si-1R SNM1B-IRES-GFP expressing cells is not reduced upon transfection with si-SNM1B-1; however, si-SNM1B-2 markedly decreases the percent of GFP-positive cells compared with NS-transfected controls (Supplemental Material, Fig. S4B and C). These observations indicate that the si-1R SNM1B protein, which is translated from the same mRNA as GFP, is resistant to knockdown by siSNM1B-1.
Using the validated complementation system, we transduced cells with si-1R SNM1B or GFP control recombinant lentiviruses and sorted the GFP-positive cells. The cells were then transfected with siSNM1B-1 or the NS control, and the levels of MMC-induced FANCD2 repair foci were determined. We observed that expression of SNM1B fully complements the defect in FANCD2 foci formation in siSNM1B-1-transfected cells (Fig. 2B ). These findings demonstrate that SNM1B expression is required for efficient localization of FANCD2 to sites of ICL repair.
SNM1B functions epistatically with FANCD2 and FANCI to suppress ICL-induced chromosomal anomalies
One of the hallmark phenotypes observed in FA patient cells is elevated levels of ICL-induced chromosomal anomalies, including gaps, breaks and radial structures, and quantification of chromosomal aberrations is clinically used for the diagnosis of FA (38) . To further examine the genetic relationship between SNM1B and the FA pathway in ICL repair, we examined the levels of MMC-induced chromosomal aberrations in Cells were collected and the soluble and chromatin-associated proteins were fractionated. Western blots were probed with a-FANCD2 antibodies. Tubulin and g-H2AX were used as controls for S1 and P2 fractions, respectively. The L/S ratios of FANCD2 are shown below blot and represent the average of three independent experiments. S1, soluble; S2, chromatin bound; P2, chromatin bound (tightly).
Human Molecular Genetics, 2011, Vol. 20, No. 13 2551 cells depleted of SNM1B or FANCD2 compared with SNM1B/FANCD2 double knockdown cells. As anticipated, we observed a significant increase in the percentage of metaphases harboring chromosomal gaps, breaks and radials in SNM1B-depleted cells, but lower levels compared with FANCD2 knockdown cells ( Fig. 3; 25) . Significantly, we observed that the depletion of both SNM1B and FANCD2 did not further increase the percentage of metaphases containing spontaneous or MMC-induced chromosomal aberrations (Fig. 3 , Supplemental Material, Table S1 ).
To further substantiate these findings, we determined the levels of chromosomal aberrations in cells depleted for another FA gene, FANCI, alone and in combination with SNM1B depletion (Supplemental Material, Fig. S6B ). FANCI forms a complex with FANCD2 and localizes to DNA repair foci within chromatin upon ubiquitination of FANCD2 -FANCI by the FA core complex (6, 39, 40) . Consistent with previous reports (6), siRNA knockdown of FANCI resulted in markedly elevated levels of gaps, breaks and radials (Fig. 3) . However, the levels of spontaneous or MMC-induced chromosomal anomalies were not further increased in cells depleted for both SNM1B and FANCI (Fig. 3 , Supplemental Material, Table S1 ). Together, these findings indicate that SNM1B functions epistatically with FANCD2 and FANCI to suppress MMC-induced chromosomal aberrations and thus provide further supporting evidence that SNM1B functions within the FA pathway of ICL repair.
Impact of SNM1B deficiency on localization of key ICL factors to subnuclear repair foci
To further investigate the molecular defects in ICL repair caused by SNM1B depletion, we examined the localization of key repair factors to subnuclear foci in response to MMC treatment. During the processing of ICLs, DNA DSB intermediates are generated and repaired by the homologous recombination pathway (5) . Homologous recombination facilitates replication ′ ,6-diamidino-2-phenylindole (DAPI) (blue). The percentage of cells with greater than 10 FANCD2 foci was determined. At least 300 nuclei were scored for each sample. All images were acquired at ×100 magnification. Representative images are shown. Graph represents average percentage of foci-positive cells from three independent experiments with standard deviation. * * P , 0.005, Student's twotailed t-test. (B) Expression of siRNA-resistant SNM1B complements the ICL-induced FANCD2 foci defect in SNM1B-depleted cells. HeLa cells expressing an siSNM1B-1-resistant SNM1B cDNA were transfected with NS or siSNM1B-1. Transfected cells were treated with MMC (330 ng/ml) for 8 h. Cells were fixed with p-formaldehyde and stained using a-FANCD2 antibodies (red). Nuclei were stained with DAPI (blue). The percentage of cells with .10 FANCD2 foci was determined. At least 300 nuclei were scored for each sample. Representative images are shown. All images were acquired at ×100 magnification. Graph represents average percentage of foci-positive cells from three independent experiments with standard deviation.
* P , 0.05, Student's two-tailed t-test.
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restart by catalyzing strand invasion of the one-sided DSB between sister chromatids (41). FANCD2 co-localizes in ICL-induced foci with BRCA1, BRCA2/FANCD1 and RAD51, proteins with central roles in homologous repair of DSB intermediates (7, 9, 36, (42) (43) (44) (45) . Previous studies have demonstrated that BRCA1 co-immunoprecipitates with the activated, monoubiquitinated form of FANCD2 and mediates FANCD2 foci formation (36) . Our results demonstrating that SNM1B is required for efficient FANCD2 foci formation prompted us to examine the impact of SNM1B depletion on ICL-induced BRCA1 foci formation. We quantitated the percentage of NS siRNA-transfected control cells that contained BRCA1 foci and observed an increase of 26 -63% upon MMC treatment (Fig. 4A) . In comparison, SNM1B-depleted cells exhibited impaired induction and a significantly lower percentage of BRCA1 foci-positive cells in response to ICL damage compared with controls (Fig. 4A, Supplementary Material,  Fig. S5A ). These findings suggest that SNM1B is required for normal localization of BRCA1 to MMC-induced repair foci. In mammals, BRCA1 promotes efficient localization of the homologous recombination protein, RAD51, to subnuclear foci in response to ICLs (46, 47) . Thus, we also examined the impact of SNM1B depletion on RAD51 foci formation upon exposure to MMC. We observed that the depletion of SNM1B also impaired the assembly of ICL-induced RAD51 subnuclear foci compared with controls (Fig. 4B) . We also examined RAD51 foci formation at 16 h after MMC addition, and similar to the 8 h time point, SNM1B depletion reduced the percentage of RAD51-foci-positive cells (Supplementary Material, Fig. S5B ). Together, these findings suggest that SNM1B facilitates the recruitment of proteins required for homologous recombination.
SNM1B and FANCD2 function epistatically to promote homology-directed repair of DNA DSBs
Proteins within the FA network, including FANCA, FANCG, FANCC, BRCA2/FANCD1, FANCN/PALB2, FANCJ/ BACH1 and FANCD2, promote homologous recombination of chromosomal breaks (6, 42, 44, 48, 49) . Our findings indicating that SNM1B functions to ensure efficient localization of critical homologous recombination proteins led us to examine the impact of SNM1B depletion on homologydirected repair. To this end, we used the characterized direct repeat green fluorescent protein (DR -GFP) reporter construct that measures levels of homologous recombination of a specific chromosomal DSB generated by the rare-cutting endonuclease, I-SceI (50) (Fig. 5A) . Successful homologydirected repair of the DR -GFP substrate restores expression of a wild-type GFP cassette, and levels of homologous recombination can be assessed by flow cytometry.
We depleted either SNM1B or FANCD2 in a HeLa cell line harboring a chromosomally integrated DR -GFP construct by siRNA transfection. Knockdown of FANCD2 protein levels was verified by western blotting (Supplemental Material, Fig. S6A ). At 24 h post-transfection, the cells were infected with an adenovirus expressing I-SceI to initiate homologous recombination via the generation of a specific DSB. To assess the efficiency of I-SceI transduction and site cleavage in SNM1B-depleted and control cells, we isolated genomic DNA after I-SceI transduction and PCR amplified a region flanking the I-SceI cleavage site (51) . The PCR products were subsequently digested with the I-SceI enzyme, and the percentage of undigested product (i.e. I-SceI site loss) was determined (Supplemental Material, Fig. S6C -E) . We observed a similar percentage of I-SceI site loss in SNM1B knockdown cells and controls (Supplemental Material, Fig. S6D and E). These findings provide evidence that comparable levels of I-SceI repairable breaks were generated in the SNM1B-depleted and control cell lines.
The levels of homology-directed DSB repair were determined by quantitating the percentage of GFP-positive cells at 48 h post-transduction with the I-SceI adenovirus (Fig. 5B, Supplementary Material, Fig. S6F ). FANCD2 depletion reduced the frequency of homologous recombination by 50%; however, the defect was less severe compared with RAD51-depleted cells, as previously reported (6, 13, 42, 49) . We observed that SNM1B depletion by siSNM1B-1 and -2 also impaired homologous repair of chromosomal DSBs, and the decrease in recombination frequency was similar to that as observed in FANCD2 knockdown cells (Fig. 5B) . To determine whether SNM1B and FANCD2 function epistatically in homology-directed DSB repair, we depleted both SNM1B and FANCD2 by siRNA transfection in the DR -GFP HeLa cell line. We observed that co-depletion of SNM1B and FANCD2 did not have an additive impact on the frequency of homologous recombination (Fig. 5B) . These results indicate that SNM1B promotes homologous repair of chromosomal Table S1 .
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DSBs and has functions that are epistatic with the central FA protein, FANCD2.
DISCUSSION
In this study, we investigated the genetic interactions between SNM1B and the FA proteins, FANCD2 and FANCI, in the repair of highly cytotoxic DNA ICLs. The FA pathway plays integral roles in the cellular responses to and resolution of ICLs during replication. SNM1B is a DNA nuclease that is involved in the repair of ICL damage and also has important functions in cellular responses to IR-induced DSBs as well as telomere maintenance (22) (23) (24) (25) (26) (27) (28) 52) . Previous studies provided indirect evidence that SNM1B may act within the FA pathway; however, this question remained unanswered. In the current study, we demonstrate that SNM1B and FANCD2 function epistatically in response to MMC-induced ICL damage. We establish that SNM1B is required for efficient assembly of FANCD2 into subnuclear foci, and deficiency of both SNM1B and FANCD2 does not have an additive impact on cellular hypersensitivity to ICL damage or homologous recombinational repair of a chromosomal DSB. Furthermore, we determined that the hallmark phenotype of increased MMC-induced chromosomal anomalies observed in FANCD2 and FANCI deficiencies is not further elevated upon depletion of SNM1B. Thus, our data indicate that SNM1B has important roles during ICL repair in the context of the FA pathway. ICLs are covalent linkages between the two strands of the DNA helix, thereby preventing strand separation. Collision of the replication machinery with an ICL leads to fork stalling and activation of the intra-S phase checkpoint (53) (54) (55) . Removal of the ICL-blocking lesion requires the activities of several DNA nucleases to incise or unhook the lesion (56, 57) . These nucleolytic processing steps generate DSB intermediates which can be repaired via homologous recombination to restore replication (5) . The MUS81-EME1 endonuclease is thought to cleave the blocked replication fork 3 ′ of the ICL and facilitate DSB formation, and the XPF-ERCC1 endonuclease makes a second incision to unhook the ICL lesion (24) . Additional nucleases, including the SLX4 complex, MRE11-RAD50-NBS1 (MRN), SNM1A, FAN1 and . Nuclei were stained with DAPI (blue). The percentage of cells containing .10 foci was determined. At least 300 nuclei for each sample were scored. Representative images are shown. All images were required at ×100 magnification. Graphs represent average of three independent experiments with standard deviation.
* P , 0.05; * * P , 0.005. (24, 27 ).
In the current study, we establish that SNM1B is not required for chromatin localization of monoubiquitinated FANCD2; however, it is necessary for efficient FANCD2 foci formation in response to ICLs. Deficiency for the ubiquitin protease, USP1, leads to a similar impairment in assembly of chromatin-associated FANCD2-Ub into nuclear foci (37) . It has been suggested that chromatin localization of FANCD2-Ub promotes assembly of DNA repair complexes, and USP1-mediated deubiquitination of FANCD2-Ub induces nuclear foci formation (37) . The efficient localization of key repair proteins to sites of ICL damage then promotes subsequent repair events, such as homologous recombination and/or translesion synthesis (37) . Based on our findings, we hypothesize that SNM1B, like USP1, has functions during an early stage of ICL repair to facilitate the stable assembly of chromatin-associated FANCD2-Ub into nuclear foci and recruitment of repair proteins.
SNM1B directly interacts with the MUS81-EME1 and MRN nucleases and is involved in replication fork collapse and formation of DSB intermediates during ICL repair (24) . Interestingly, MRE11 forms a complex with FANCD2 (62), and SNM1B co-immunoprecipitates with FANCD2 via an indirect interaction (24) . Thus, SNM1B likely functions in coordination with other critical DNA nucleases at an early step during ICL processing. Although the precise roles of the ICL DNA nucleases have not yet been fully elucidated, the functions of SNM1B within the FA pathway are likely independent of repair requiring SNM1A, a related member of the metallo-b-lactamase/bCASP family. In contrast to our findings, SNM1A is non-epistatic to the FA pathway. Depletion of SNM1A in FA pathway-deficient cells further increases in ICL-induced chromosomal anomalies (17) , and MMC-inducible SNM1A foci formation occurs normally in FA pathway-deficient cells (18) .
Our findings that FANCD2-Ub associates with chromatin but does not assemble into foci in SNM1B-depleted cells indicate that SNM1B has functions subsequent to ICL unhooking by XPF-ERCC1, which is required for FANCD2-Ub chromatin association (35) , and prior to recruitment of FANCD2 and FAN1 to sites of damage. We propose that the 5 ′ to 3 ′ exonuclease activity intrinsic to SNM1B participates in generating single-strand regions at collapsed replication forks after XPF-ERCC1 unhooks the ICL lesion. A similar role for SNM1B exonucleolytic activity in 5 ′ to 3 ′ end resection during leading strand processing at telomeres has recently been proposed (22, 23) . Subsequent to DNA processing mediated by SNM1B, recruitment of FANCD2, which preferentially binds singlestrand DNA (62) , and other critical repair proteins to sites of ICL damage, such as FAN1, BRCA1 and RAD51, then participate in homologous recombinational repair of the DSB intermediates.
We conclude that SNM1B plays key roles in the context of the FA protein network of ICL repair. SNM1B has recently been identified as a human disease allele that causes Hoyeraal -Hreidarsson syndrome, thereby raising the possibility that SNM1B mutations may also be associated with phenotypes observed in FA. In further support of this notion, deletion of the SNM1B chromosomal locus has been found in nearly half of primary mediastinal B cell lymphomas analyzed in a recent study (64) . Cancer predisposition, including hematological malignancies, is a hallmark phenotype associated with FA (65). The FA pathway plays critical roles in maintaining genome stability not only in response to ICL damage, but also during DNA synthesis to resolve replication stress. It has been hypothesized that the lack of proper repair of endogenous DNA damage in FA cells significantly contributes to genome instability and patient phenotypes, including bone marrow failure and cancer susceptibility (66) . Therefore, it will be of interest to determine the importance of SNM1B in preventing DNA replication-associated endogenous damage, such as chromosomal gaps and breaks at common fragile sites and throughout the genome.
MATERIALS AND METHODS
Silencing RNAs
The target sequences for siRNA depletion are as follows: ′ -CTGGCTAATCACCAAGCTTAA-3 ′ (6). The primer sequence used to generate the siSNM1 B-1-resistant SNM1B cDNA was 5
′ -CCTCTTACACACCGC CACCTACA-3 ′ (base changes within the core sequence are underlined, in bold). A NS siRNA (Qiagen All Stars negative control) was used as the NS siRNA control.
Knockdown of SNM1B expression by siRNA
The HCT116 colon cancer, HeLa cervical cancer and FANCD2 mutant (PD20F) and control (PD20F + wt FANCD2) fibroblast human cell lines were cultured as previously described (31, 68) . HCT116 or HeLa cells were plated at a density of 1 × 10 5 cells per well of 6-well dish 24 h prior to siRNA transfection. All siRNAs (25-50 nM) were transfected using Liptofectamine 2000 (Invitrogen) as per manufacturer's instructions. Co-depeletion of SNM1B and FANCD2 was performed by transfecting HeLa cells with a total of 12.5 nM siRNA followed by a transfection with a total of 25 nM siRNA 24 h after the initial transfection. PD20F and control fibroblasts were transfected with 150 nM siRNA as previously described (69) . SNM1B mRNA levels were determined via RT -PCR in every experiment to verify the extent of siRNA knockdown.
Semi-quantitative RT -PCR analysis of SNM1B mRNA levels
Total RNA (1 mg) was reverse transcribed using a poly-dT (20) primer and murine leukemia virus-reverse transcriptase (Invitrogen). cDNA was amplified with SNM1B-specific primers to exons 3 and 4, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for normalization of cDNA levels. Bands were quantitated using AlphaImager 2200 (AlphaInnotech).
Western blot analyses
Cells (1 -2 × 10 6 ) were harvested and resuspended in lysis buffer (25 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES), pH 7.4, 10% glycerol, 200 mM KCl, 0.1% NP40, 1 mM DTT) containing phosphatase (Roche PhosSTOP) and protease inhibitors (Roche Complete Mini EDTA free). Soluble and chromatin-bound FANCD2 fractions were separated as previously described (70) . Protein concentration was determined using the Bradford assay (BioRad). Lysates (50 -100 mg) were analyzed by western blotting with the appropriate primary antibodies and IRdye 800 CW secondary antibodies (Li-Cor). Bands were visualized and quantitated using the Li-Cor scanner and Odyssey 2.1 software. All experiments were performed three times from at least two independent transfections. Antibodies a-GAPDH (clone #FL-335) and a-RAD51 (clone #S1RAD01) were from Santa Cruz. a-BRCA1 (clone #Ab-4) was from CalBiochem. a-g-H2AX (Cat #05-636) was from Upstate. a-FANCD2 (Cat #NB100-182) was from Novus Biologicals. a-V5 was from Invitrogen. a-FANCI (Cat # ab15344) was from AbCam.
MMC survival assay
Human fibroblasts [PD20F or PD20F + FANCD2 cDNA (WT)] were transfected with siRNAs as described above. At 48 h posttransfection, cells were plated in a 12-well dish at a low density (500 -2000 cells/well) and allowed to attach overnight. To ensure that an additive effect could be observed, cells were pulsed with 0, 50, 100, 150 and 330 ng/ml MMC for 1 h. MMC was removed and cells were rinsed with media three to four times. Cells were allowed to grow until the untreated wellreached confluency (7 -9 days). Cellular survival upon treatment with MMC was determined using a crystal violet assay, as previously described (33) . Average percent survival was obtained from at least three independent experiments.
Immunofluorescence of subnuclear foci
HeLa cells (4 × 10 4 ) were seeded on cover slips in 12-well dishes 24 h prior to transfection. At 48 h post-transfection, cells were continuously exposed to MMC (330 ng/ml) for 8 h, then incubated in cold pre-extraction buffer (20 mM HEPES, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 0.5% TX-100) for 5 min followed by fixation in 3.7% p-formaldehyde, 2% sucrose, 0.5% TX100 for 20 min at room temperature and washed 3× with PBS. Cells were incubated with the appropriate primary antibody for 45 min and then stained with Alexa Fluor 488 or 594 secondary antibodies (Invitrogen Molecular Probes). Cover slips were mounted on slides using ProLong Gold antifade reagent containing 4 ′ ,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Foci were visualized using an Olympus BX61 microscope and FISHview software (Applied Spectral Imaging). All foci experiments were performed blinded. Each experiment was performed at least three independent times.
Generation of HeLa cell lines expressing siRNA-1-resistant SNM1B
siSNM1B-1-resistant (si-1R) SNM1B cDNA was generated using site-directed mutagenesis (Stratagene). Three silentpoint mutations were introduced into the siRNA-1 core sequence of SNM1B cDNA. The siRNA-resistant cDNA was sequenced, and then subcloned into pLL IRES GFP lentiviral vector (UM vector core). Lentivirus expressing the si-R1 SNM1B-IRES-GFP cassette was generated by co-transfecting the recombinant lentiviral construct with packaging plasmids pLP1, pLP2 and pVSVG (ViraPower, Invitrogen) into 293T cells using calcium phosphate. The virus containing media was collected after 48 h and filtered using Millex-HV PVDF filters (Millipore). HeLa cells (2.0 × 10 5 ) were incubated with 1 ml of virus containing media containing 4 mg/ml polybrene, 1 ml Dulbecco's modified eagle medium and 10% fetal bovine serum for 24 h. Cells were harvested 24 h later, and expression of the SNM1B-IRES-GFP expression cassette
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was determined by flow cytometry to determine the percentage of GFP-positive cells. GFP-positive cells were sorted (UM flow cytometry core), cultured and used for complementation experiments. HeLa cells infected with the pLL empty vector control were used for all experiments. For complementation experiments, HeLa cells expressing pLL IRES GFP or si-1R SNM1B-IRES-GFP were transfected with the siRNAs and FANCD2 foci were quantitated as described. Images were acquired at ×100 magnification at the same fluorescence intensity, and the study was performed blinded. Data represent three independent experiments with standard deviation; P-values; Student's t-test.
Chromosomal aberrations
HeLa cells (1.0 × 10 5 ) were plated in a 6-well dish, and 24 h later, the cells were transfected with 12.5 nM total siRNA using Liptofectamine 2000 then incubated overnight. The media were changed and the cells were transfected with 25 nM total siRNA and incubated overnight. Forty-eight hours after the second transfection, cells were harvested for RNA isolation or treated with MMC (20 ng/ml) for 24 h. Cells were rinsed and then incubated with colcemid (0.1 mg/ ml for 3 h), and subsequently harvested and fixed. Metaphases were stained with DAPI, and then chromosomal anomalies were scored in a blinded manner. The indicated number of metaphases was scored for the presence of radials and/or gaps and breaks from at least two independent experiments. Error bars represent standard error. Statistical significance was determined using a two-tailed F-test.
Analysis of homologous recombination frequencies
HeLa cells were transfected with the DR -GFP Puro homologous recombination substrate plasmid (generous gift from Maria Jasin, Sloan-Kettering Institute) (35) , and single colonies were expanded after puromycin selection. HeLa cells harboring the stably integrated DR -GFP plasmid were transfected with siSNM1B-1 or -2, NS, siFANCD2 and siRAD51 siRNAs, as above. At 24 h post-transfection, cells were infected with either an adenovirus expressing the I-SceI endonuclease or a negative control adenovirus at 100-200 PFU/cell. Cells were trypsinized at 48 h postinfection, and GFP-positive cells were determined by flow cytometry using a C6 cytometer (Accuri) and CFlow software. Averages were obtained from at least three independent experiments.
I-SceI site-loss assay
Genomic DNA was isolated from siRNA-transfected and control cells that have been transduced with the I-SceI adenovirus to induce repair events within the integrated DR -GFP substrate. The region flanking the I-SceI site was PCR amplified from 2 mg of genomic DNA from each sample (51) . The PCR products were digested with purified I-SceI enzyme (Roche) overnight at 378C. Products were run on a 1.2% agarose gel, and the fluorescence intensity of the bands was quantitated using Alphaimager 2200 (AlphaInnotech). The percentage of I-SceI site loss was determined as previously described (51) . Products amplified from HeLa cells infected with an empty adenovirus were used as positive controls for complete I-SceI digestion. Experiments were performed on DNA isolated from two independent experiments.
